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Abst rac t  -  The cont ro l  d lep lacements  requ l red  fo r  a  he l i cop ter  to  f l y
a  de f ined manoeuvre  may be  ca lcu laEed by  inveree eo lu t lon  o f  the
v e h i c l e ' s  e q u a t l o n s  o f  m o t l o n .  A  c o m p u t e r  p a c k a g e ,  H E L I N V ,  h a s  b e e n
deve loped to  per fo rm euch so luE ions ,  o r  inverae s imu la t lons ,  fo r  a
aer les  o f  nap-o f - the-ear th  (NOE)  manoeuvres .  Th is  g ives  a  un iqu€
oppor tun f ty  Eo e tudy  a lmu la ted  conEro l  s t ra teg iea  ln  conat ra lned
f l i S h t .  T h e  a l g o r l t h m ,  d e s c r l b e d  i n  t h l s  p a p e r ,  u s e s  a  e i x  d e g r e e e  o f
f reedom non l lnear  maEhemat ica l  mode l  wh ich  a l lows so lu t lona to  be
found fo r  var louB he l i cop ter  conf iguraE lons  f l y lng  a  w ide  range o f
manoeuvrea.  Some typ lca l  resu lEs  are  preaenEed,  a long w l th  a
d i s c u a a i o n  o f  t h e  l l m l t . a t i o n s  a n d  p o t e n t i a l  a p p l i c a b i l l t y  o f  t h e
a lgor l thm.  The method ls  ver i f led  by  uae o f  t ime reaponse
c a l c u l a t l o n s .  I n  a d d l t l o n ,  f l i g h l  d a t a  i s  u s e d  t o  v a l i d a t e  t . h e
r e B u l t s  o f  l n v e r s e  s l m u l a t l o n s .
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An algorithm for helicopter inverse simulations
nr j  -  -  n  (wq -  v r )  +  X  -  mg a lne
m. i  -  -  m (u r  -  wp)  +  y  +  mg coag s ino
mr i  -  -  m (vp  -  uq)  +  z  +  mg cose coao
I * *  i  -  ( I y y  I z z )  q .  +  I x z  ( ;  +  p q )  +  L
t y y  i  -  ( r z z  -  r x x )  r p  +  r * "  ( r z  -  p 2 )  +  M
r " ,  i  -  ( r x x  -  r y y )  p q  +  r x z  ( i  -  q r )  +  N
T h e  h e l i c o p t e r r s  a t t i t u d e  a n g l e s  ( g , o , t )  e r e  E u L e r  a n g l e s  r e l a t i n g  t h e  b o d y  f l x e d  f r a m e  r o
a n  e a r t h  f i x e d  f r a m e  o f  r e f e r e n c e ,  a n d  a r e  f o u n d  b y  e o l v i n g  t h e  k l n e m a t i c  r e l a E l o n a :
,i, - p + q sino tane + r coso tang
6 - q c o s o - r a i n o
i  =  q  s i n o  s e c e  +  r  c o s o  s e c g
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F o r  a  c o n v e n t l o n a l  h e r i c o p E e r  t h e  r o E o r  c o . n t r o r s  
. t _ " -  e o ,  g r r ,  g r .  w h l c h  a r e ,  r e a p e c t l v e r y ,t h e  c o l l e c t l v e r  l o n g i t u d l n a l  c y c l l c  a n d  l a t e r a l  c y c l i c  a n g l e a  o f  p i t c h  o f  t h e  b l a d e s .  T h e
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Figure 2 :  Components of Externol Forces ond Moments on o Convent ionol Hel icopter
2 . 2  M e t h o d  o f  S o l u t l o n
Once a  fo ruard  so lu t ion  based on  a  s tandard  t ime a tepp ing  method ls  ava l lab le ,  the
lnverge ao lu t lon  aPpeare  t .o  be  a  s t ra igh t  fo rward  deve lopment .  A t  each new t lme lncremenE
the va lues  o f  the  ro to r  con t ro l  ang les  must  be  var ied  to  ensure  tha t  the  cor rec t  f t - igh t .  pa th
l e  a c h l e v e d .  E x p r e s a i n g  t h e  a c c e l e r a t i o n s  a n d  r a t e s  i n  d i s c r e t e  f o r m  r e d u c e s  t h e  p r o b l e m  E o
th€  ao lu t lon  o f  a  ae t  o f  a lgebra ic  equat ions  a t '  each t ime lncrement .  The equaElons  may be
a o l v e d  g l o b a l l y  o v e r  t h e  w h o l e  r a n g e  o f  l n t e g r a t i o n  s i m u l " t . a n e o u s l y  o r  l n c r e m e n t a l l y  a s  t h e
s o l u t l o n  d e v e l o p s .  A  u n l q u e  l n v e r s e  a o l u t i o n  i s  u s u a l l y  g u a r a n t e e d  b y  i m p o a i n g  a n
a d d l t l o n a l  c o n a t r a i n t  l n  t h e  f o r m  o f  a  s p e c i f l e d  h e a d l n g  o r  s i d e s l i p  a n g l e .  T h e  p r o b l e m
l l e a  1 n  t h e  d l f f i c u l t y  o f  s o l v i n g  t h e  e q u a t l o n s  i n  a  r e l i a b l e  w a y  f o r  a  r e p r e s e n t a E i v e  r a n g e
of  f l l8h t  pa tha  once mathemat ica l  mode ls  o f  any  complex i ty  a re  employed.  S tandard  b lack  box
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techn lquea prove to  be  lne f f l c ien t  and eome unders tand ing  o f  the  under ly lng  f l igh t  mechan lca
1 s  n e e d e d  t o  e s E a b l i s h  a  a o l u E l o n  p r o c e d u r e  w h { c h  c a n  f o r m  E h e  b a e i s  o f  a  u s e f u l  t o o l '
There fore  ln  an  lnverse  method Ehere  are  th ree  e lements .  One is  the  mathemat ica l  mode l  
to
be used,  anoEher  1s  the  eeE o f  f l l gh t  pa t .h8  t .o  be  cone idered.  and f ina l l y  Ehere  
i6  t t re
a t ruc ture  o f  the  inverse  so lu ! lon  a lgor i thm.  They  are  cons idered ln  the  fo l low lng  seet i -ona:
3 . 1  t s o  3 . 7 .
3. THE I'HELINVII INVERSE SIMULATION ALGORITH}I
T h e  H E L I N V  n u m e r l c a l  a l g o r i E h m  1 s  n o w  d i s c u s s e d ,  a  m o r e  d e t . a l l e d  d e s c r i p t l o n  i s  S i v e n
by  Thomaon [81 .  The a lgor i thm is  shown schemat ica l ] . y  ln  F iSure  3 '
3 . 1  T h e  M a t h e n a t i c a l  M o d e l
The accuracy  and va l ld i ty  o f  any  fo rn  o f  so lu t ion  o f  the  equat ions  o f  mot lon  depends
on lhe  maEhemat ica l  mode l  uged.  There  are  a lways  advantaS,es  to  be  Sa lned by  mak lng  a  modet r
as  l rac tab le  as  poss lb le  bo th  in  the  unders tand ing  o f  the  prob len ,  and in  computa ts iona l
t . i m e .  H o e e v e r ,  s i m p l e  m a t h e m a E i c a l  m o d e l s  h a v e  l l m l t a E l o n s  w h i c h  p r e c l u d e  E h e i r  u s e  l n
lnverae ana lyses .  The l lm l la t i .ons  o f  us ing  k inemaLlc  node la ,  as  d lscu8sed by  Cur t les  and
p r l c e  [ 9 ] ,  a r e  p o o r  p r e d l c E i o n  o f  d y n a m i c  b e h a v i o u r  a E  l o w  s p e e d ,  w h l l a t  r e d u c e d  o r d e r
dynamic  mode la  have the  prob lem o f  poor  ( i f  any)  p red ic t lon  o f  coup l lng  e f fec ts  when
s l m u l a t i n g  h i n g e l e s s  r o t o r  h e l l c o p E e r a .  L i n e a r i s e d  m o d e t r s  a r e  a l s o  o f  l l m i t e d  u s e  s i n c e
t s h e y  o n l y  p r e d i c t  t h e  h e l i c o p t e r r a  f l i g h t  s t a t e  f o r  s m a l l  d l s t u r b a n c e s  f r o m  i t s  t r l ' m
cond i t ion ,  Use o f  any  o f  the  mode ls  menEioned above wouLd impose l lm iEat ions  on  the
sev€r iEy  o f  the  manoeuvrea over  wh ich  va l i .d  inverse  go lu t ions  cou ld  be  found.
Work  aE C lasgow Un lvers l ty  on  inverse  so luE ions  has  been supporEed by  tshe  Roya l
Aero8pace Es tab l i shment  who made ava i lab le  the i r  own mathemat ica l  mode l  fo r  the  s tudy  o f
h e l i c o p E e r  f l i g h t  m e c h a n l c s .  T h i s  m o d e l  f o r m s  t h e  b a s i s  o f  t h e  s i m u l a t  i o n  p a c k a g e
t tHELISTABt t i  a  de ta l led  descr ip t ion  o f  the  mode l l lng  o f  the  fo rces  (X 'Y iZ)  and lhe  momentg
( L , M , N )  i s  g i v e n  b y  P a d f l e l d  [ 1 0 1 .  H E L I S T A B  i s  a n  e s t a b l l s h e d  m a t h e m a t l c a l  m o d e l  c a p a b l e  o f
s lnu la t ing  s ing le  main  and ta l1  ro to r  he l i . cop ters ,  and has  undergone many imProvements  over
severa l  years .  An ear ly  vera ion ,  HELISTAaZ,  has  been incorpora ted  in t .o  the  HELINV package.
Th is  i s  a  s ix  degrees  o f  f reedom,  non l lnear  mode l .  Sone o f  the  main  fea tures  o f  th ls  Dode l
a r e :
i )  Rotor  b lad€s  are  assumed to  be  r lg id ,  to  b€  o f  cons tan t  chord '  and Eo have cons tan t
1 1 f E  c u r v e  s l o p e .
11)  The f low around the  b lades  is  aesumed to  be  s teady  and incompress ib le .
i i i )  s t a l l  a n d  r e v e r s e d  f l o w  e f f e c t s  a r e  l 8 n o r e d .
lv )  A  cent re  epr lng  repreaenta t lon  o f  Ehe ro to r  1a  used to  s imu la te  the  f lapp ing  behav iour
o f  t h e  b l a d e e .
v )  Quas l -s teady  f lapp ing  and con ing  ia  aBsumed.
v i )  F u s e l a g e ,  t a i l p l s n e  a n d  f l n  a e r o d y n a m l c  l o a d s  a r e  c a l c u l s t e d  f r o m  e m P i r i c a l l y  d e r l v e d
e x p r e a a l o n s .
The ex terna l  fo rcee and moments  fo r  the  equat lons  o f  mot ion  (1 )  a re  then g iven by  Ehe
f o l l o w l n g  € x p r e a a l o n a .
x  -  xA  +  p (oR)22R2  [  cT  (F l c  +  l  e )  -  4Q lo t\-/
Y  -  Y A  +  p ( Q R ) 2 r R z  [  - c r  F r a  -  6 e u " / 4  ]  +  p ( o g t R s . ) 2 o R t r t  c T t t
Z  -  Z A t  -  p ( O n ) 2 r R ?  C . 1
L .  L A  -  b / 2  K E  F r "  +  p ( o R ) 2 r R z h x  [  - C r  F r s  -  o 3 l y / 4  |  +  p ( Q g . R s r ) 2 7 R r r 2 h r r  c T r r
M  -  M A  -  l b / ?  K B  F r c l  -  p ( O R ) 2 r R 2  [  h x  C 1  ( F 1 6  +  7 s )  -  h p  6 o r * / 4  -  x . "  C 1  I
( 3 . 1  )
( 3 . 2 )
( 3 . 3 )
( 3 . 4 )
( 3 . 5 )
N  -  NA  +  p (oR)2 rR3  ce  +  r "  [  - b l z  KF  l l r r  +  p (oR)2 tRzhR  ( - cT  F1 ,  -  6op r / 4 )
( 1 t .  +  x c g )  p ( O E r R E . ) z r R a r 2  c 1 a "
rhe re  Xg . . . . .  NA  a re  Che  ae rodynan l c  f o r ces  and  momen te ,  composed  o f
f use lage ,  f l n  and  t a I1  su r f aces .
l -
( 3 . 6 )
components  f rom the
3 . 2  D e f l n l n g  M a n o e u v r e a
The succese o f  an  inverse  a lmu la t lon  depends to  a  la rge  degree on  the  ab i l i t y  to
d e f l n e  r € a l 1 s t t r c  m a n o e u v r e s .  T h e  f l l g h t  p a t h s  m o d e l l e d  i n  H E L I N V  w e r e  c h o s e n ,  l n
co l labora t ion  w l th  the  Roya l  Aerospace EeLab l lshment ,  F l igh t  Management  DeparEment  to
r e p r e s e n t  t a a k s  f r e q u e n t l y  f l o w n  { n  N O E  c o n d l E l o n s ,  t n c l u d i n g  m a n o e u v r e s  f o r  w h i c h  f l i g h t
t e s t  d a t a  w a s  a v a i l a b l e .  A  m a n o e u v r e  1 s  d e f l n e d  a a  a  t i m e  h i a t o r y  o f  t h e  h e l i c o P t e r r s
DEFINE HANOEWRE
(Sect ion  3 .1 )
F i n d  y ( t ) , 1 ( t l , V ( t )
At h" equotty spoced t ime jntervots
t o t c u l o t e  , , y , r , r , i , 2
(Equo t i ons  4  ond  5 )
C0NSTRAINTS :  Io lcu ta te  rz
ond u  o t  o t t  "n "  t ime po in ls
At t ime point 'k"
moke on init iol  guess
of  o f t i tude ,  0 i  ,  Q i(Section 3.6)
PERTURB 0 i r f r/ ^
l \ a ^ t r ^ ^  (  h \
\ v v v  r r v r  I  v . v /
Io tcu lo fe  o [ [  fe rms fo r
equoiions of motioh
( fquot ions  3)
Io lcu [o te  vo tues  o f  func t ions
f r ( 9 i  . 0 i  ) o n d  f z ( 9 i  , d i  )
( f q u o t i o n s  6 )
Co(cu to te  JAt0BIAN us ing
centmI  d i f fe rences
( ) e c H o n  J . 5 J
o i  =  o i * t
Y l  -  Y t + l
NEW
;,.;l
I
...J
ESTIMATE :-
=f''l-f, I'FL*'J t I [,,
C o t c u l o t e
controI ongtes
i-[F+ooo;{s'}'
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Figure 3 : Flowchort of Inverse Algorithm
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e a r E h - 6 X i s  v e l o c l t l e s  a n d  a c c e l e r a t l o n s .  s i n c e  n u m e r l c a l  d l f f e r e n E l a t l o n  
1 s  u a e d  t o
ce lcu la te  a t t l tude  ra tea  a t  po in ta  th roughout  the  manoeuvrer  these ve loc l t ieB 
and
acce le raB lona are  moat  conven ien t ly  ca lcu laEed a !  a  ser les  o f  equa l ly  spaced t lme 
in te rva ls '
Refer r lng  to  F lg .  4  l t  l s  apparent  tha t  the  components  o f  ve loc i ty  in  the  ear th  
axes  syaEem
are  g lven by  :
( 4 . r )
( 4 . 2 )
( 4 . 3 )
( 5 . r )
< 3 . 2 )
( 5 . 3 )
\..v
o) The Fl ight Poth
i - V c o s T c o s x
Y ' V c o s z s i n x
i - - V g i n r
a n d  t h e  a c c e l e r a t l o n a  a r e  f o u n d  t o  b e '  b y  d i f f e r e n t l a t i o n :
' i  
-  t  coEz coax -  V i  s lnz coax -  V i  cosT s inx
I  -  t  
" oaz  
a l u  -  V  i  s i nz  s i nx  +  v  i  cosT  cosx
2 - - i e l n 7 - l V ) c o a ; ,
b) The Trock
Figure 4 :  A Generol  3-Dimensionol
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c) The Attitude
Manoeuvres  are  de f ined by  cons lder lng  a  th ree  d lmens lona l  f l i gh t  pa th  (p lgure  4a ,  fo r
e x a m p l e )  a s  a  t r a c k  i n  t h e  x y  p l a n e  ( F i g , . 4 b ) ,  w i t h  a n  a l t i t u d e  v a r i a t l o n  s u p e r l n p o s e d  o n  t o
i E  ( F i g .  4 c ) .  T h e  f l i g h t  v e l o c i b y  v ,  c l l m b  a n g l e  z ,  a n d  E r a c k  a n g l e  x  a r e  t h e n  a g e c i f i e d  a a
func t ions  o f  t ime-  The manoeuvres  ava l lab le  inc lude;  pop-up,  a  he lgh t  change per fo rmed over
a  s p e c l f i e d  d i s t a n c e '  b o b - u p ,  a  v e r t l c a l  h e i g h t  c h a n g e ,  a c c e l e r a t e d / d e c e l e r r c e d  l u r n a ,  a n d
wing-over .  Fu l l  descr ip t ions  o f  the  cur ren t  range o f  manoeuvrea,  and the  l lgor i thma uaed
t o  d e f i n e  f l l g h t  p a t h s  a r e  g i v e n  b y  T h o m s o n  I l l ] .
3 .3  S ides l ip  and Head ing ,  Const ra ln t .s
I f  a  un ique so lu t ion  o f  Ehe equat ions  o f  mot lon  is  to  be  found l t  18  neceasary  to
a p p l y  f o u r  c o n e t r a l n t s  o n  t h e  h e l i c o p t e r r s  m o t i o n  ( c o r r e s p o n d l n g  t o  t h e  f o u r  c o n E r o l a ) .
Def ln ing  the  f l igh t  pa th  as  a  func t lon  o f  t ime (equat lons  (4 )  and (5 )  above) ,  g lve3  th ree
cona l ra ln ts .  These can be  cons idered,  in  s lmp l , la t i c  te rmsr  aa  cor reapond ing  to  the  th ree
cont ro la  :  lon8 l tud ina l  cyc l i c  con t ro l l lng  d lsp lacements  ln  the  x -d l rec t lon ,  la te ra l  cyc l i c
t h e  y - d t r e c t l o n  a n d  c o l l e c t i v e  t h e  z - d i r e c t l o n .  I t  f o l l o w s  t h a t  t h e  c h o l c c  o f  f o u r t h
conat ra ln t  ghou ld  be  re la t .ed  to  the  ln f luence o f  th€  ta l l  ro to r  co l lec t l ve  cont ro l .  The
r c 3 t  a P P r o p r l a E €  f o r m  o f  c o n s t r a l n t  1 s  E h e r e f o r e  o n e  a p p l i e d  t o  e l t h e r  l h e  h e l l c o p t e r ' s
e idee l lp  o r  head lng  ang les ,  the  cho ice  be ing  le f t  to  the  uger  o f  Ehe program.  Th le  cho ice
may be  dependent  on  the  Eask  to  be  a imu laEed,  fo r  example  i t  may be  dee l rab le  to  app ly  a
z€ro  a ldea l lp  cons t ra in t  to  p roduce a  co-ord ina ted  tu rn ,  wh i ls t  a  ze to  head lng  conat ra ln t
may be  more  appropr la te  fo r  a  recE i l lnear  manoeuvre .  In  NOE f l igh t r  con t ro l  o f  th is  degree
of  f reedom is  impor tan t  no t  on ly  fo r  the  p i lo t ts  v la ion ,  bu t  a lso  fo r  fuse lage;  po ln t ing ,
f o r  e x a m p l e ,  l a r g e  a n g l e a  o f  s i d e a l l p  a r e  o f t e n  u s e d  E o  d e c e l e r a t e  t h e  h e l l c o p t e r .  S i d e s l l p
or  head ing  ang lee  can be  expressed as  a  func t ions  o f  t lme:
F  '  , 3 ( t )  o r r  .  r ( t )
t Jhen a ldes l lp  ia  to  be  cons t ra lned,  the  s ides l ip  ve loc l ty  and acce le ra t lon  are  g lven by  :
l 9 l
and
v . V s i n F
i ' ' 0 s i n F + B v c o s p
In  the  head lng  conat ra lned ca6e,  yaw ra te  and
d l f fe ren t la t lon  o f  the  de f ln ing  func t lon .
X - m g s l n e - 0
Y +  ng  cosg s lno  =  0
Z +  mg cose coso r  O
L s M = N - 0
acce le ra t lon  are
( 6 )
( 7 )
found s imply by
3 . 4  T h e  T r i m  A l g o r l t h m
A t r lm a lgor i thm ca lcu l .a tes  the  cont ro l  ang les  needed to  ma ln ta in  a  de f lned s teady
f 1 1 8 h t  8 t a t e .  I t .  c a n  t h e r e f o r e  b e  c o n e l d e r e d  a s  a  b a e l c  f o r m  o f  l n v e r g e  e o l u t l o n .  T h e  t r i m
equat lon ,  a re  ob ta ined by  se t t ing  the  the  iner t ia l  te rm6 to  zero  ln  equat lons  ( l )  eo  tha t
( 8 . r )
( 8 . 2  )
( 8 . 3 )
(  8 . 4 )
M o d i f l c a t l o n  o f  e q u a t l o n s  ( 8 )  t o  i n c l u d e  t h e  a c c e l e r a t i o n  a n d  i n e r t l a l  t e r m a  a a  i n  ( I )
wou ld  a l low a  t r im a lgor i thm to  f lnd  lnverse  so lu t iona fo r  rnanoeuvr ing  f l lgh t .  A  fo rward
e l m u l a t l o n  a l g o r i t h m  u e u a l l y  l n c l u d e e  a  t r i m  a l g , o r l t h m  i n  o r d e r  t o  g i v e  a  s m o o t h  s t a r E  t o
the  a lmu la t lon .  The HELISTAB E imula t ion  incorpora tes  a  t r im aLgor i thm wh ich  uges  neated
i t e r a t l v e  l o o P s ,  w l t h  s l m p l e  s u c c e a s l v e  s u b s t  i E u t l o n ,  t o  s o l v e  e q u a t l o n a  < 7 )  f o r  t , h e
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fuee lage a t t i tude  ang les  e ,O,  the  main  snd Ea i l  ro to r  th rusE coef f i c len ts  CT,  CTf . ,  and the
l o n g i t u d l n a l  a n d  l a t e r a l  f l 6 p p l n 8 ,  a n g l e s  F 1 3 '  F 1 3 .  A s  w e l l  a 3  b e i n g  e x p e n s l v e  i n  c o m p u t e r
E I n e ,  t . h l s  s o l u t l o n  w a s  v e r y  s e n s l E l v e  t o  i n t t i i l  c o n d l t l o n !  s n d  n u m e r i c a l l y  u n s E a b l e  w h e n
so lv ing  fo r  tu rn lng  f l lgh t .  For  Ehege reaaonar  when the  t r ln  a lgor i thm was mod l f ied  to
l n c l u d e  a c c e l e r a t l o n  a n d  l n e r t L a l  f o r c e s  a n d  m o m e n t s r  L t  w a a  a 1 9 o  r e a E r u c t u r e d  E o  a l l o s
a o l u t i o n u a l n g a f a s t e r , a n d m o r e r e l l a b l e N e u t o n _ R a p h s o n i t e r a t i v e s c h e m e .
3 .1  So luE lon  Us inP,  a  NewEon-Raphson I te ra t ion
The ao lu t lon  ia  ob ta ined by  an  i te ra t ion  on  the  two a t t l tude  ang lea  e  and o .  S tar t lng
w i t h  l n l E i a l  v a l u e s  f o r  t h e s e  a n g l e s  a t  e a c h  t l m e  s E e P  E h e r e  1 3  a  n a t u r a l  e v o l u l i o n  o f  t h e
ao lu t ion  procedure .  I t  l s  imPor tan t  to  aPPrec ia te  the  mechan lam by  wh lch  the  he l l cop ter  1a
cont ro l led .  The domlnant  componenE o f  the  main  ro to r  th rua t  ac ts r  Ehrough 
ghe fo rce  Z '  ln  a
d l rec t lon  co l inear  w l th  the  z  ax la ,  and the  d l rec t ion  o f  th is  ax ia  la  de termlned '  s ince  l t
i s  body  f l xed ,  by  ro ta t iona abouE the  th ree  axes  e f fec ted  by  the  momenEa L '  M and N '  Nou
t h e  f o r c e  z  i 6  c o n r r o l l e d  b y  t h e  t h r u s t  c o e f f l c l e n t  c 1  ( e Q a t l o n  3 . 1 ) ,  a n d  t h e n  L ,  M  a n d  N
a r e  c o n t r o l l e d  r e s p e c l l v e f y  L y  t h e  a n g l e s  o f  f l a p  F r r ,  F r .  ( e q u a t i o n e  3 ' 4 - 3 ' 6 )  a n d  t h e  t a i l
r o g o r  t h r u a t  c o e f f i c i e n t  d 1 a i .  W i t h  t h l s  k n o w l e d g -  i t  1 s  c l e a r  t h 6 E  t h e  w '  p '  q r  a n d  r
e q u a t l o n s  o f  m o t l o n ,  e q u a t i o - i s  ( 1 . 3 - 1 . 6 ) ,  m u s t  b e  u s e d  t o  s o L v e  f o r  C 1 r  p r s '  F r c  a n d  C l g t
( b y  i n c o r p o r a E l n g  e q u a E i o n s  3 . 3 - 3 . 6 ) .  I n  t h e  c u r r e n t  m o d e l s ,  l f  a l l  o l h e r  t e r m s  a r e  k n o w n ,
these four  equat lons  e f fec t l ve ly  become l inear  and are  eas i l y  so lved fo r  the  above
p a r a m e t e r s .  I E  t a  E h e n  p o s s i b l e  t o  c a l c u l a t e  X  8 n d  Y  i n  t h e  f i r s E  t w o  o f  e q u a t i o n s  
( t ) '
wh lch  are  wr l t ten  In  the  fo rm
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F r ( g , o )  -  -  m  ( i  +  w q  -  v r )  +  x mg
F 2 ( e , o )  -  -  m  ( i  +  u r  -  w P )  +  Y  +  m g
T h e c a l c u l a E l o n o f t h e o l h e r q u a n t l t i e s i n F l a n d F 2 l s d i s c u g g e d i n s e c t i o n 4 . T .
A t  a  p o l n t '  1 '  l n  t h e  i t e r a t i o n '  E h e  n e x t  e a t l m a t e  o f  t h e  s o l u t l o n  i s  g i v e n  b y :
g l n O  =  0
cose s ino  -  0
( e . r )
( e . " )
(  1 0 )
atudy
fo l  lo r
4 . 1
he l  1c(
the  f r
becn r
The f :
gecon(
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aFz I
E o J
' l  t ^  I  I  a F ,
I  l " ' l  I  E 6
t - t l - l|  |  |  |  aF ,
I  l o i l  I  F 6 -J L J L
I
I
I
II
L
01+ t
a 1 + r
F t ( o i , o r )
F r ( € i , o i )
u h e r e  E h e  p a r E i a l  d e r i v a t l v e s  a r e  c a l c u l a t e d  b y  n u m e r i c a l  d i f f e r e n E i a t i o n  w i t h  
f r a c E i o n a l
changee o f  0 .OOOI  in  the  ang les  e  and o '
3 . 6  I n l t l a l  G u e s s e s  o f  A t t l t u d e  A n g , l e s
T h e l n v e r s e g o l u t l o n w a s f o u n d t o b e v e r y s e n s i t i v e t o l n i t l a l v a l u e . T h i g
s e n s l t l v l t y  1 s  d l r e c t l y  r e l a t , e d  t o  t h e  s e v e r i t y  o f  E h e  m a n o e u v r e r  E t r a t  l s  
a s  t h e  m a n o e u v r e
becomea more  a€vere ,  the  d l f fe rence in  lhe  va lues  o f  the  a t t i tude  ang les  be tueen 
success ive
t l m e a l e P s l n c r e a a e a ' h e n c e b e t E € r f l r s t g u e s s e s w e r e r e q u l r e d . A c u b i c p o l y n o m l a l f u n c t i o n
1 6  f l t t e d  t h r o u g h  t h e  p r e v l o u s  f l v e  P o i n E s  l n  t h e  e  a n d  o  t l m e  h i s t o r i e s ,  
b e t t e r  i n i E i a l
va lues  are  then found by  ex t rapo la t ion .  Th ls  reduces  comput i .ng  r ime 
by  enaur lng  rap id
convergence.  over  the  f i rs t  few t ime po ln ts r  where  Ehere  are  too  few Po in ts  
to  f i t  8
p o l y n o m l a l '  t h e  i n l t i a l  g u e s s e s  a r e  f o u n d  b y  l i n e a r  e x t r a p o l a t i o n '
3 . 7  c a l c u l a t i o n  o f  F u n c t i o n s  F ,  a n d  F "
The func t j .ons  F ,  and Fz  must  be  eva lua ted
t h e  l t e r a t l v e  s c h e m e -  T h i s  i n v o l v e s  c a l c u l a t i o n
ae ere l l  as  the  ex terna l  (aerodynamlc  and ro to r )
ach l€ve  Eh l3  1s  now PreBented.
3 . 7 . 1 .  C a l c u l a t l o n  o f  Y a w  A n 8 l e  a n d  R a t e
A a m e n t i o n e d l n s e c t i o n 3 . 3 , e l t ' h e r h e a d i n g o r s i d e s l i p a n g l e m u s t b e d e f i n e d i f a
u n l q u e  3 o l u t l o n  1 a  r o  b e  f o u n d .  I t  1 a  a l a o  a p p a r e n t  t h a t  i f  t h e  
s i d e s l l p  c o n s l r a i n t  1 a
choeen,  t ,hen i t  becomes neceaBary  to  f lnd  the  cor reapond ing  head ing  
ang le  in  o rder  to
compure  the  body  axea ve loc l t ies  f rom the  predef ined ear th  axes  va lues '  
The yaw ang le  I  and
l ts  ra te  a re  found f rom the  known va lues  o f  B ides l lp  ve loc i ty  and acce le ra t ion  
(equat ions  I
a n d  6 ) ,  a n d  b y  u s l n g  t h e  t r a n a f o r m a t i o n  f r o m  e a r t h  t o  b o d y  a x e s '  T r a n s f o r m a t i o n  f r o m  e a r t h
t o b o d y a x e e ( o r v l c e v e r s a ) i s a c h i e v e d b y u s e o f l h e E u l e r t r a n s f o r m a t l o n . T h u s b o d y a x e s
v e l o c l t l e s  a r e  f o u n d  f r o m  e 6 r t ' h  a x e 6  v e l o c l t i e e  b y  u s i n 8 ,  t h e  d i r e c t i o n  c o s l n e  
m a t r i x  ;
u s i n g  t h e  l a t e s t  e s t i m a t e s  e  a n d  o  w i t h i n
o f  body  axes  ve loc i t ies  and acce le ra t lons
forcee and moments .  The procees  us€d Eo
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4. souE EXAMPLES oF .IHELINV'' INVERSE SIMULATIoNS
T h e  i n v e r s e  s t m u l a t l o n  p a c k a g e ,  H E L r N v ,  w a s  d e v e l o p e d  i n i t . i a l l y  f o r  u s e  l n  a n  a g l r l t ys tudy  [8 ] '  bu t  there  ar€  nany  o ther  po ten t ia l  uses .  T \ ,o  such uaes  are  descr ibed 1n  thef o l l o w l n g  a e c ! i o n s .
4 .1  Conf l8 ,u ra t j .ona l  S tud ies
The power  o f  an  inverse  method ls  i t s  ab l l i t y  to  s imu la te  any  number  o f  types  o fhe l l cop terE f l y ing  a  p rec tee ly  de f ined and repeatab le  manoeuvre .  Th ls  i s  demonst r . red  bythe  fo l low lnS 'e t  o f  reau lEa ob ta ined f rom HELrNv.  T \ ro  seEa o f  con f lg ,u ra t iona l  da ta  havcbeen ueed 1n  the  maEhemat ica l  mode l  to  repreaent  two comple te ly  d l f fe ren t  he l l cop t .e r  Eypes .The f i rs t  se t  o f  da ta  l s  used to  s l rnu la te  t t re  west land Lynx  ua t t te f te ld  he l l cop ter ,  and theg e c o n d  s e E  o f  d a t a  r e p r e s e n t s  a  A e r o a p a t r a l e  P u m a  t r a n s i o r t  c o n f i g u r a t i o n .  r i e  s e m r - r r g r dro tor  o f  the  Lynx  shou ld  g ive  much grea ter  cont ro l  power  (due to  l te  h igher  f lapp lngs t l f fness)  than the  ar t l cu la ted  to to .  o f  the  puma.  Th is  fundamentar  d l f fe rence shou ld  beev ldent  on  the  cont ro l  t lme h ls to r les  ca lcu la ted  bv  HELINV.
-+
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Figure 5 :  The Hurdle-Hop Monoeuvre
A hurd le -hop (F lgure  5)  1s  a  te r ra in  fo l lowrng manoeuvre  used to  evade de tec t ronr ,hL ls t  avo ld ing  obs tac les  a t  low leve l  in  nap-o f - the-ear th  f l igh t .  rn  th is  exampre ,  theh u r d l e  h e l g h t ,  h ,  i a  2 5 m  a n d  t h e  m a n o e u v r e  d l s t a n c e r  s ,  i s  5 0 o m .  T h e  w h o l e  m a n o e u v r e  l afLom a t  a  cons tan t  epeed o f  80  knots ,  and w i th  s ides l lp  cons t ra ined to  be  zero .  Thea t t l t u d e  a n d  c o n t r o l  E i m e  h i g t o r i e s  o f  b o t . h  a l r c r a f t  a r e  p L o t t e d  l n  F i g u r e  6  a ad lsp lace tnents  f rom the l r  t r im va lues .  Aa expec ted  t .he  p lo ts  ahow the  Lynx  requ l ress iSn i f l can t ly  amal le r  con t ro l  d isp lacements  to  f1y  the  same rnanoeuvre  than the  puma.  TheP l o t s  a h o w  m a i n  r o t o r  c o l l e c t l v e  p i t c h  w h i c h  c o n E r o l s  t h e  h e l l c o p t e r , s  h e i g h t ,  p o s l t l v e  l nt h e  c l l m b l n g  p h a a e  u n E l l  t h e  h u r d l e  i s  c l e a r e d ,  t h e n  n e g a t i v e  a s  t h e  a i r c r a f t  d e s c e n d atouards  the  ex l t '  r t  then  becomes pos i t l ve  aga in  as  the  he l l cop ter  leve ls  o f f .L o n g l E u d l n a l  c y c l l c  p l t c h  w h l c h  i s  u s e d  t o  c o n E r o r  f o r w a r d  s p e e d ,  i s  n e g a b i v e  ( i n d l c a E l n g ,  afo rvard  t1 l t  o f  the  ro to r  th rua t  vec tor )  ln  t .he  c l lmb phase o f  the  manoeuvre  and pos i t l ve  lnl h e  d e a c e n t '  T h l e  i a  a  c o n a e q u e n c e  o f  c o n s t r a i n l n g  t h e  h e l l c o p t e r , a  s p e € d  t o  b e  c o n s E a n t .F u a e l a g e  p l t c h  a t t l t u d e  l s  l n f l u e n c e d  b o t h  b y  t h e  d i a p l a c e m e n t s  i n  l o n g i t u d i n a l  c y c l l c ,  a n da l e o  b y  t h e  g e o m e t r y  o f  t h e  f l i g h t  p a t h .  L a t e r a l  c y c l l c  a n d  r o l l  a n g l e ,  q ,  p l o t s  i n d l c a t e
oPpoa l te  t rends  s ince  the  ro to r  o f  Puma ro ta tes  ln  the  oppos i te  d t rec t lon  to  tha t  o f  theLynx .
4 .2  Manoeuvre  Stud lea
rb  ls  a lso  poss lb le  us lng  lnvers€  s imu la t ion  to  compare  the  per fo rmance o f  a  s lng le
c o n f l g u r a t t o n  f l y l n g  a  a e r l e s  o f  m a n o e u v r e s .  r n  t h e  f o l l o c l n g  e x a m p l e  E h e  L y n x  h e l l c o p t e r1 a  s t m u l a t e d  f l y l n g  a  s e r i e e  o f  l e v e l  t u r n s  o f  v a r i o u s  r a d i i .  T u r n a  a r e  d e f i n e d  b y
a p c c l f y l n g  t u r n  r a t e  a a  a  f u n c t l o n  o f  t i m e  I l l l .  T h i s  a l l o w s  t h e  t r a n s l t l o n  f r o m  l i n e a r  E ot u r n l n g  f l l g h t  t o  b e  g l m u l a t e d .  r n  l h l s  e x a m p l e ,  t h e  m a n o e u v r e  c o n s i s t s  o f  a  t r a n a l t l o n
a e c l l o n  f r o m  a  l l n e a r  f l i S h t  p a t h  i n t o  a  c i r c u l a r  m a i n  s e c t i o n .  r n  t h e  e x a m p l e  g l v e n  h e r et h e . f l l g h t  v e l o c l t y  1 8  h e l d  c o n s t a n t  a t  8 0  k n o t s ,  a n d  t h e  s i d e  s l i p  v e l o c l t y  i s  c o n s t r a i n e dt o  b e  z e r o  ( g l v l n g  c o - o r d l n a t e d  t u r n e ) .  r n v e r s e  s i m u r a t i o n s  h a v e  b e e n  p e r f o r m e d  f o r  t h r e ed l f f e r e n t  r l g h i  h a n d  t u r n .  o f  r a d l i  1 5 0 , 2 o 0  a n d  2 5 0  m e t r e s .  T h e  r e s u l t l n g  a t t f t u d e  a n d
c o n E r o l  t l n e  h l 6 ! 0 r l e a  a r e  p l o t t e d  i n  F i g u r e  7  a a  d i s p l a c e m e n t s  f r o m  t r i m .  T h e  e f f e c t  o faever l ty  o f  manoeuvre  la  obv ious  f rom these p lo ts .  As  the  rad ius  o f  tu rn  decreases ,  and the
manoeuvre  becomeg more  aevere  the  requ l red  cont ro l  d isp lacements  i .nc reaaer  and a t t l t .ude
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The acce le ra t ions
1 ,  o  c o s O  c o s l '  e t c .
c a n  b e  f o u n d  b y  d i f f e r e n t i a t i n g  e q u a t l o n  ( 1 0 ) :
f  . l  f  1 .  1  ?
l l l  l t ,  r ?  t ,  l l i l  1 1 ,  1 2  1 3
I  t  |  -  I  ' ,  mz ' , l l  i .  I  -  l : '  i '  i '
L o l  1 . , n 2  " ' l L ; l  l . ,  r i 2  n 3
i n e  r a t e s  ( 1 ,  . - . .  r i r )  a r "  f u n c t l o n s  o f  t h e  a t l
in  Ehe fo rm
li;l
1 tude
n ^a E
J
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T h e  d i r e c t l o n  c o s
ang les  and raues
1 ,  ' -
The va lue  o f  v  i s  found f rom
funcEion  o f  t ime th rous ,houE the
the  cor respond lng  va lue  o f  t
expans ion  becomes:
6  s in€  coat  -  i  coso  s in l e t c
a c o s f + b s i n t + c - 0 (  l 3 )
wtte re
a = i s i n o E i n e + ! c o s o  ( 1 4 ' l )
b = - i c o s o + i s i n o s i n o  ( 1 4 ' 2 )
c - i s i n o c o a g - v  ( 1 4 " 3 )
T h l s e q u a t l o n l s e a s i l y s o l v e d n u m e r i c a l l y b y a N e w c o n - R a p h s o n m e E h o d . Y a s r a t s e l s
f o u n d  i n  a  a 1 m l l a r  m a n n e r  f r o m  e q u a t i o n  ( 1 2 . 2 )  a n d  e q u a t i o n  ( 7 ) .  T h i s  p r o c e s s  i s  o b v i o u e l y
n o t  r e q u i r e d  i f  h e a d i n g  a n g l e  i s  c o n s t r a i n e d  t o  a  p r e d e f i n e d  f u n c t l o n '
3 . 7 . 2  A t t i t u d e  R a t e s  a n d  A c c e l e r a t i o n s
The a t t l tude  ra tes  and acce le ra t ions '  ca lcu la ted  us ing  numer lca l  d l f fe ren t ia t ion '  
a re
n e e d e d  t o  a l l o s  e v a l u a E l o n  o f  t h e  b o d y  a x e s  t r a n s l a t i o n a l  a n d  r o t a t i o n a l  
v e l o c i E i e s  a n d
acce le ra t ions .  A  backward  d l f fe rence method is  uaed.  The der lva t lve  o f  
each s t t i tude  ang le
l e  c a l c u l a E e d  o n  t h e  b a s i s  o f  E h e  l a t e s t  e s E l m a t e  o f  b h e  a n g l e ,  a n d  t h e  
v a l u e  a t  t h e  1 a 6 t
c a l c u l a t i o n  t i m e  p o t n ! .  F o r  e x a n p l e ,  p l E c h  r a t e  a t  t i m e  p o i n t  k '  i s  
g i v e n  b y  I
.  o k  -  € h _ ,  ( 1 5 )e k ' - . -
:k  -  t k - r
3 . 7 . 3  B o d v  A x e e  V e l o c M e s  a n d  A c c e l e r a t i o n s
T h e b o d y - a x l s t r a n a l a t l o n a l v e l o c l t l e s a n d a c c e l e r a t i o n s c a n n o w b e c a l c u l a r e d u s l n g
t h €  t r a n e f o r m a ! 1 o n  8 , 1 v e n  b y  e q u a t  i o n s  (  t  I  )  a n d  (  t 2 )  '  T h e  r o E a E i o n a l  v e l o c i t i e s  
a r e
c a l c u l a t e d  b y  m a n l p u l a t i o n  o f  e q u a E i o n s  ( 3 )  '  a n d  t h e  r o t a t i o n a l  a c c e l e r a t i o n s  
b y
d i f f e r e n t i a t l o n  o f  t h e  r e s u l t i n g  e x p r e s s l o n s '  T h e  i n e r t l a l  a n d  
a c c e l e r a t i o n  f o r c e  a n d
moment  componenta  o f  the  equat lons  o f  mot ion  can nos  be  ca lcu la led '
3 . 7 , 4  T h e  E x t e r n a l  F o r c e s  a n d  M o m e n E s
W l t h  t h e  b o d y  a x e s  t r a n a l a t l o n a l  v e l o c i l l e s  a l l  c a l c u l a t e d ,  r h e  
f u s e l a g e  a n g l e s  o f
l n c i d e n c e m a y b e f o u n d , f r o m w h l c h t h e f u s e l a g e , t a i l p l a n e a n d f i n f o r c e a a n d m o m e n t ' s m a y b e
e v a l u a t e d .  u s l n g  c o n f i g u r a t i o n a l  d a t a ,  t h e  m a l n  r o t o r  E h r u s t  c o e f f i c i e n t '  
c T '  c a n  b e
c a l c u l a t e d  f r o m  t h e  z - f o r c e  e q u a E l o n  ( 1 . 3  a n d  3 . 3 ) ,  a n d  E h e  l o n S i t u d i n a l  f l a p p i n g  
a n g i ' e '
p . . ,  f r o m  t h e  p l t c h l n g  m o m e n t  ( M )  e q u a t i o n  ( t ' 4  a n d  3 ' 4 ) '  T a i l  r o t o r  t h r u s t  c o e f f i c i e n t
c - l_ .  ana la te ra l  f la f ,p ing  ang le  Fr " ,  a re  found by  s imu l taneous 
so lu t ion  o f  the  remain lng
. - $ t i t J i t *  . . a  y " " i t t g i  
" - q u a t i o n s  
o i  m o t t o n  ( 1 ' 5 '  l ' 6  a n d  3 ' 5 '  3 ' 6 ) '
T h e p e r f o r m a n c e o f t h e a l S ' o r i t h m l s d l s c u s s e d i n s e c t l o n 5 a f t e r s o m e r e e u l t s '
ob ta lned us ing  the  HELINV Programr  have been presented '
e q u a b l o n  ( 5 ) ,  t h e  e i d e s l i p  8 n 8 1 e '  F '  b e l n g  s p e c i f i e d  a s  a
manoeuvre ,  and s ince  e  and o  are  uPdated  aE each lEera t lon '
can be  found f rom Ehe second o f  equat ions  ( f0 ) ,  wh ich  on
tr
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LYNX
PUMA
Figure 6 : Control ond Attitude Time Histories From Inverse Simulotion
of LYNX qnd PUMA Flying Hurdle-Hop Monoeuvre
s  :  500m,  h  :  25m,  V  =  80  knots
ang le  d lep lacernent3  a lso  inc rease.  A  poss lb le  use  fo r  th is  compar ison  wou ld  be  Eo f ind  the
m o a t  s e v e r e  n a n o e u v r e  p o e s l b l e  w t t h  a  g l v e n  c o n f l g u r a t i o n .  A  m a n o e u v r e  p a r a m e t e r  ( i n  t h i s
c a s e  r a d l u s  o f  t u r n )  1 a  v a r i e d ,  a n d  t h e  c o n t r o l  t i m e  h i s t o r i e s  m o n i t o r e d  u n t i l  a  c o n t r o l
l l m l E  l e  r e a c h € d .
The t lme h la to r lea  computed in  th is  exanp le  can a l1  be  jus t i f led  in  tshe  contex t  o f  the
k o n w n  r e a p o n s e  o f  a  r e a l  h e l i c o p t e r  f l y i n g  a  s l m i l a r  m a n o e u v r e .  L a t e r a l  c y c l l c  p u l s e s  a r e
uaed to  ro11 the  he l l cop ter  in to  and ou t  o f  the  s teady  sec t ion  o f  the  Eurn ,  wh i ls t  lnc reased
c o l l e c t l v e  1 s  r e q u i r e d  E o  m a l n t a l n  c o n s t a n t  h e i g , h t  b y  o v e r c o m { n g  t h e  l o s s  i n  " w e i g h c
ba lanc lng t r  th rue t  due to  d lsc  t i l t .  A l though the  t lme h is to r ies  genera ted  by  HELINV appear
l n t u l t l v e l y  t o  b e  s e n s l b l e  l n  s i z e  a n d  t r e n d ,  i E  i s  s t i l l  o f  i m p o r t a n c e  t o  b e  a b l e  t o  v e r i f y
t h e a e  r e a u l t a .
5. VEBIFICATION AT[I) VALIDATIOII OF ITTVBRSE TECNNIQT'E
There  are  two s tages  in  lhe  eva luaElon  o f  fhe  HELINV Program.  The f i rs t '
v e r l f l c r t l o n ,  a t a g e  c o n f l r m e  t h e  a c c u r a c y  o f  t h e  n u m e r i c a l  t e c h n l q u e  o f  t h e  l n v e r s e
B o l u t 1 o n .  T h e  e e c o n d ,  v a l l d a t s i o n ,  a t a g e  c o m p a r e s  t h e  r e s u l t s  o f  i n v e r s e  s i m u l a t i o n s  o f
nanoeuvr lng ,  r l th  ac tua l  f118ht  daEa.
5 . 1  V € r l f l c a E i o n  o f  f n v e r s e  A l S , o r i t h m
The HELINV program g ives  conEro l  ang les  requ i red  to  f1y  a  g iven f l iSh t  pa th  fo r  a
h e l i c o p t e r  l n d e p e n d e n t  o f  p { 1 o t  a n d  c o n ! r o l  s y s t e m  i . e .  t h e  s o l u t i o n s  a c h i e v e d  a r e  b a s e d
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i r g . i . . i € ;  l Control ond Attitude Time Histories from Inverse Simulotion of LYNX
Flying o Series of Right Hond 90 deg. Turns of o Constont Veloci ty
of 80 knots
o: r i y  on  the  dynamlcs  o f  the  a l rc ra f t .  Th is  means tha t  any  a t tempE to  comPare  d l rec t l y
c o 1 f r o i  t 1 m e  h l s t o r l € s  g e n e r a t e d  u s i n g  t h e  p r o g r a m ,  w i t h  a c t u a l  f l i g h t  d a t a  m u s t  b e  p r e c e d e d
b,y  e  ver i f i ca t ion  o f  lhe  lnverse  a lg ,o r i t .hm i tse l f .  The mosE appropr ia te  method o f  ver i f y lng
w h e t h e r  a c c u r a t e  r e e u l t s  a r e  b e i n g  c a l c u l a t e d  1 s  b y  c o m p a r i s o n  w i t h  a  c o m p a t l b l e  f o r w a r d
s j .mu laLJ .on  o f  the  same mode1.  Th is  lnvo lves  per fo rmlng  a  convent iona l  t ime reaponse
ec lu t ion ,  us j .ng  the  mafhemaEica l  mode l  f rom the  or ig ina l  HELISTAB proS, ram'  to  f ind  what
{ I igh t  pa th  a  HELINV genera ted  cont ro l  t ime h is to ry  p roduces .  By  compar ing  th ls  cont ro l
g e n e r a t e d  f l i g h t  p a t h  w l t h  t h e  c o m m a n d e d  f l i g h t  p a t h  i t  i 8  p o s s i b l e  E o  s e e  h o w  a c c u r a t s e  t h e
i n v e r s e  m e t h o d  1 s .
The cont ro l  t ime h ls to r ies  fo r  the  Puma f l y ing  the  hurd le -hoP manoeuvre  have been used
g . ]  p e r f a r n  a  t i m e  r e a p o n a e  e o l u t l o n .  T h e  r e s u l t i n 8 ,  t l m e  r e s P o n s e  f l i g h t  p a t h  i s  c o m p a r e d
? i t h  t h a t  d e m a n d e d  i n  t h e  l n v e r s e  s o l u t i o n  i n  F i g u r e  8 .  T h e r e  i s  l l E t l e  d i f f e r e n c e  b e t w e e n
t h e  t w o  g o l u t l o n s  l n  t h e  p l o t  o f  a l t i t u d e  v a r i a E i o n  ( e x c e P t  a  s m a l l  d i s c r e p a n c y  a t  t h e
i n u r d l e ) ,  a n d  o n l y  a  d r l f t  o f  0 . 3 n  o v e r  t h e  5 O 0 m  t r a c k .  T h i s  r e s u l t  i s  t y P i c a l  o f  n u m e r o u s
a lmule t lons  taken over  a  w ide  range o f  cond i t ions  f rom sh ich  l t  can  be  conc luded Ehat  the
n u m e r i c a l  a l g o r l t h m  i 8  g l v i n g  a c c u r a t e  r e s u l t s .
Figure 8
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Figure 8 :  Comporison Between Fl ight Poth Demonded ond thot Generoted by
Time Response Solut ion Using Inverse Simulot ion Control  Time Histor ies
5 . 2  V a l l d a t l o n  U s l n a  F l 1 8 h t  D a t . a  f r o m  N O E  F l i 8 h t .  T r i a l s
I f  uaefu l  resu l ts  a re  to  be  ob ta lned f ron  HELINV,  o r  any  o ther  inverse  s imu la t . lon
program,  iE  ia  inporEant  to  de termine the  re la t , ionsh ip  be tween Ehe s imu la ted  cont roL
at ra teS, iea ,  and those adopted  by  p i lo ts .  I t  i s  poss ib le  to  do  th is  by  us ing  t ra jec to r les
m e a s u r e d  i n  f l l g h t  t . e s t a  C o  p e r f o r m  l n v e r s e  s i m u l a t i o n s .  C a l c u l a t l n g  c o n E r o l  t i m e  h i s t o r i e s
a l lows compar laons  be tween a imu la ted  cont ro l  s t ra teg les  and those recorded in  the  f l igh t
t € a t .  V a l l d a E l o n  o f  t h i s  s o r t  h a a  b e e n  p e r f o r m e d  u s l n g  H E L I N V  [ 1 2 ,  l 3 l ,  t h e  f l i g h t  d a t a
be lng  eupp l led  by  the  Roya l  Aeroapace Es tab l l shment .  The da ta  was recorded dur ing  NOE
a g i l t t y  l r l a l s  [ 1 4 ,  l 5 l  a t .  R A E  B e d f o r d  w h e r e  t h e  p i l o t  w a s  a a 6 i g , n e d  t h e  t a s k  o f  f l y r n g  a
preacr lbed manoeuvre  w l th ln  cer ta ln  per fo rmance l im i ts .  Each se t  o f  da ta  cons is ts  o f  f l i ghE
path  co-ord ina tea  meaaured a !  cons t6n t  t lme increnents  th roughout  the  manoeuvre ,  and a
synchron iaed se t  o f  B ta te  and cont ro l  t ime h ls to r ies .  The he l l cop ter rs  cont ro l  inpu ts  and
a t a l e  r e a p o n s e s  w e r e  n e a s u r e d  t h r o u g h o u t  t h e  t e s t s  u 6 i n g ,  a  d i g l E a l  d a t a  a c q u i s i t l o n  s y s t e m ,
6 n d  t h e  a l r c r a f t r a  p o s i t L o n  w a s  r e c o r d e d  u s i n g  a  k i n e t h e o d o l l t e  t r a c k i n g  s y s t e m .  I t  i s
t h e r e f o r e  p o a s l b l e  t o  t a k e  t . h e  m e a s u r e d  f l l g h t  p a t h  t i m e  h l s t o r i e s  a n d  u s e  t h e  i n v e r s e
a lmula t ion  Programr  w l th  appropr la te  conf igura t iona l  da ta  ln  the  mode l ,  to  ca lcu la te  what
c o n t r o l  d l e p l a c e m e n t a  E h e  s i m u l a t e d  h e l l c o p t e r  r e q u l r e s  t o  f I y  p r e c i s e l y  t h e  s a m e  m a n o e u v r e
a a  t h e  a c t u a l  v e h l c l e .  S l n c e  t h 1 9  l n v e r a e  s o l u E i o n  i 6  u n l q u e ,  E h e  e f f e c t  o f  t h e  p i l o t  i s
on ly  aeen th rough an  ab i l l t y  to  me ln t ,a ln  a  p redetermined f l igh t  pa th  and no t .  th rough an
e x P l l c 1 t  m o d e l  o f  h 1 e  d y n a m i c s .  I n  t . h i s  s L t u a t i o n  i t  h a s  b e e n  s h o w n  t l 6 ,  l 7 ]  f h a t  a s  a
c o n a e q u e n c e  o f  t h €  c o n e t r a l n t s  l m p o a e d  o n  t h e  h e l i c o p t e r r s  m o t i o n  i E s  d y n a m i c  p r o p e r t l e s  a r e
modl f led  and oac l l la to ry  t rans ien ts  can be  induced and pera is !  th rough a  manoeuvre .  The
p r e a e n c e  o f  E h e a e  o s c l l l a t l o n s  c a u a e s  a  v a r l a t i o n  b e t w e e n  f l l g h t  d a t a  a n d  s i m u l a t i o n  r e s u l E s
whlch  has  a  charac ter ls t i c  f requency ,  wh lch  in  most  cases  has  a  per iod  o f  the  order  o f  I
aecond.  Th{8  t {111 be  obaerved in  Ehe compar ison d lecussed be low and is  super imposed on  the
bae lc  cont ro l  movementa .
The example  shown here  la  fo r  a  Lynx  he l i cop le r  f l y lng  a  qu ick -hop manoeuvre  shown in
F l g u r e  9 .  T h l s  m a n o e u v r e  I s  f l o w n  f r o m  h o v e r  t o  h o v e r  o v e r  a  s p e c i f l e d  s t e p ,  m a i n t a i n i n g
conatan f  he lgh t .  and head lng .  the  cons t ra in ta  impoeed on  the  p i lo t  a re  there fore  s imi la r  to
t h o a e  i n  t h e  i n v e r a e  s l m u l a t l o n  i n  w h l c h  a  p r e d e f l n e d  f l i g h t  p a t h  m u s t  b e  f l o w n  w l t h  a  g i v e n
head lng .  When compar ing  inverse  s imu la t lon  and f l igh l  tes r  resu l ts  a l lowance must  be  made
f o r  t h e  f l d e l l t y  o f  t h e  m a t h e m a t i c a l  m o d e l  u s e d  [ 1 2 1 .  T h e  c o n t r o l s  a n d  a t t i t u d e s  t i m e
h la to r l€€  ln  F lgure  l0  show compar leons  bebween the  acbua l  f l i gh t  da ta  and tha t  f rom the
l n v e r e e  a l m u l a c i o n  f o r  a  L y n x  f l y l n g  a  q u l c k - h o p  m a n o e u v r e  o f  l e n g t h  3 0 0 f t  ( 9 1 . 5 m ) .  I t  i s
aPParent  tha t  bhere  18  good cor re la t ion  be tween f l lgh t  tes t  and inverse  a imu la t ion  fo r  mosE
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Figure 9 :  The Quick Hop Monoeuvre
o f  t h e  p l o t s ,  s m a l l  d i f f e r e n c e s  i n  t h e  n u m e r l c a l  v a l u e s  m a y  b e  a t t r l b u t e d  t o  m o d e l l l n g
def ic , i .enc ie6 .  The a tandard  approach adopted  by  p i lo ts  f l y ing  qu ick -hop manoeuvres  1a  to
l n p u t  i n i E i a l l y  a  p u l s e  t o  t h e  l o n g l t . u d l n a l  c y c 1 l c ,  t h e r e b y  c a u a l n g  t h e  r o B o r  t o  C 1 1 t
f o r w a r d .  A p p l i c a t i o n  o f  i n c r e a s e d  t h r u e t ,  b y  i n c r e a a l n g  c o l l e c t i v e ,  a c c e l e r a t e 6  t h e
h e l i c o p t e r  E o  a  m a x i m u m  v e l o c l E y .  T h i s  t r a n s i e n E  1 e  t h e n  f o l l o w e d  b y  a  s t e a d y  s e c t l o n ,
un t i l  Jus t  a f te r  mldway th rough the  manoeuvre ,  the  d l recE ion  o f  the  th rus t  l s  reveraed by  a
s e c o n d  p u l s e  l n  l o n g l t . u d i n a l  c y c 1 I c .  D u r i n e ,  t h i s  t . i l t l n g  o f  t h e  r o t o r  d i s c ,  t h e r e  i s  a n
i n t e r v a l  o f  r e d u c e d  c o l l e c t l v e .  F i n a l l y ,  E h e  h e l i c o p t e r  i s  d e c e l e r a l e d  b y  l n c r e a s e d  E h r u a t ,
n o w  a c t l n g  l n  a  d i r e c t l o n  o p p o s l t e  t o  t h e  v e h l c l e r s  m o l i o n ,  a n d  t h e n ,  a s  i t  a p p r o a c h e s  t h e
h o v e r ,  t h e  f u s e l a g e  1 8  b r o u g , h t  l e v e l  b y  a  f l n a l  p u l s e  o f  c y c l l c .  A 1 1  o f  t h e a e  d e t a l l a  a r e
v i s l b l e  b o t h  i n  E h e  f l i g h t  d a t a  a n d  t h e  s i n u l a t i o n  a n d  l t  c a n  b e  c o n c l u d e d  t h a t  t h e  i n v e r s e
s i m u l a t i o n  c a l c u l a t e s  r e a l l s b i c  c o n t r o l  s t r a t e g l e e  f o r  N O E  m a n o e u v r e s .  I t  1 s  a b l e  t o  a h o w
d i r e c t l y  h o w  d e f i n e d  M l s s i o n  T a s k  E l e m e n t s  a r e  a b l e  t . o  b e  f l o w n ,  a n d  c a n  g l v e  a  r a p l d
e v a l u a t l o n  o f  t h e  w o r k l o a d  r n v o l v e d  i n  f l y i n g  t h e m .  F u r t h e r ,  i t  i E  p o s s i b l e  t o  l n v e s t i S a t e
l n  a  d i r e c t  w a y  h o w  v a r l a t i o n s  i n  t h e  d e f i n i t l o n ,  s u c h  a s  t h e  a c c e l e r a t i o n  p r o f i l e  t . h r o u g h
the  manoeuvre ,  in f luences  the  p i lo t  task .
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6. APPLICATIONS OF INVERSE SIMULATIONS
T h e  H E L T N V  p a c k a g e  w a s  o r i g t n a l l y  d e v e l o p e d  f o r  u s e  i n  a  a E u d y  o f  h e l i c o p t e r  a g i l i t yt 8 l '  A g 1 1 1 i y  w a s  q u a n L i f i e d  b y  e t u j y i n g  a  h e l l c o p t e r r e  p e r f o r m a n c e  o v e r  a  s e r r . e s  o fs tandard  manoeuvree '  numer ica l  va lueg fo r  an  Ag i l i t y  Rat ing  be ing  awarded on  the  bas is  o fs ta te  and cont ro l  t lme h is to r les  fo r  the  manoeuvres .  As  inverae so lu t ions  a l low prec lser e p e t l t i o n  o f  n a n o e u v r e s  w { t h  a n y  n u m b e r  o f  c o n f l g u r a t . l o n a ,  t h e  a g i l i t y  o f  v a r i o u she l icop ters  can be  comPared.  rnverse  ao lu t iona have iound app l lca t ions  in  ihe  des ign  o fc o n E r o l l e r s  f o r  d y n a m i c  s y s E e m s  p o s a e s B i n g  h i g h l y  c o u p l e d  n o n - l i n e a r l t i e a .  T h i s  l m p r l e at h a E  l n v e r a e  s o l u t i o n s  w i l r  b e  o f  u s e  i n  h e l i c o p t e r  f l i g h t  m e c h a n r c s  w h e r e  l i n e a r  s y s t e mtheory  l s  o f  l in i ted .  use  due to  the  la rge  degree o f  corp l ing  be tween Ehe long iEud lna l  andl a t e r a l  d y n a m l c a  o f  t h e  a i r c r a f t .
The examples  g lven ln  Lh is  repor t  re fe r  on ly  to  opera t ions  1n  nap-o f - the-ear thc o n d l t i o n s r  b u t  t h e r e  o t h e r  a r e a s  w h e r e  h e l i c o p t e r s  h a w  t o  m a n o e u v r e  c l o a e  E o  o b s t a c r e s  a tl o w  l e v e l  w i t h  p r e c i s l o n '  F o r  e x a m p l e ,  o p e r a t i o n s  f r o m  o f f s h o r e  p l a t f o r m s  ( e h l p s  a n d  o i 1r t g s )  w h e r e  t h e  h e l t c o p t e r  h a s  t o  t " t "  o f f  a n d  r a n d  c r o a e  E o  a  s u p e r - s . r u c r u r e .H e l l c o p t e r s  i n  r r c o m m a n c l o t t t y n "  o p e r a t l o n s  a l s o  h a v e  t o  t a k e  o f f  a n d  r a n d  r a p i d l y  w i t s h i nc o n f i n e d  a r e a s '  o t h e r  p o s s i b l e  a p p l i c a b l e  t a s k s  n i g h t  b e  a i r - t o - a i r  c o m b a E  o r  p r e s e tweapons de l i very  manoeuvres '  The inverse  meihod pre 'en ted  in  th is  paper  cou ld  p rove ueefu li n  t h e  s E u d y  o f  h e r i c o p t e r  p e r f o r m a n c e  i n  a r r  o f  t h e e e  a r e a a .
7. CoNCLUSIONS
l '  T h e  s e v e r i t y  o f  m a n o e u v r e  f o r  w h l c h  i t  i s  p o s s i b l e  t o  c a l c u l a t e  i n v e r s e  s o l u t i o n sd e p e n d s  l a r g e l y  o n  t h e  l i m i t a t l o n s  o f  t h e  m a t h e m a t l c a l  m o d e l .  T h e  c u r r e n t  s i m u l a t l o n  a r l o w slnverse  so lu t ions  to  be  found fo r  manoeuvrea w l th  max imum normal  load  facEors  o fa p p r o x i m a t e l y  2 ' 2 c  f o r  p u r e l y  t u r n i n g  m a n o e u v r e s ,  a n d  l . 7 g  f o r  l o n g l t u d l n a l  f 1 l g h t .M o d e l l i n g  i m p r o v e m e n t s ,  s u c h  a s  t h e  i n c l u s i o n  o f  r o t o r  d e g r e e s  o f  f r e e d o n ,  s h o u l d  s e e  t h e s emanoeuvre  l in l t s  ex t .ended.
2 '  The way in  wh ich  f l i8h t  pa ths  are  node l led  has  consequence '  on  t .he  fo rm o f  the  rnver 'ea o l u t i o n '  r t  i s  n o t i c e a b l e  f r o m  F i g u r e  7  t . h a t  t h e  a t t i t ; d e  a n d  c o n E r o r  t i m e  h l s t o r i e s  d on o t  r e t u r n  t o  E h e i r  c o m m a n d e d  t r i m  v a l u e s .  T h i s  i s  d u e  t o  a  d l a c o n t i n u l t y  l n  t h e  f t i g h tp a t h  w h e r e  t h e  a n a l y t l c a l  f u n c t i o n  d e f i n l n g  t h e  f l i g h E  p a L h  j o i n s  t h e  s t r a i g h t  l i n e  r r r maect ion-  Th is  smal l  e r ro r  g rows as  the  manoeuvres  become more  Bevere .
3 '  r t  h a s  b e e n  s h o w n  I t 6 r  l 7 l  t h a t  a s  a  c o n a e q u e n c e  o f  c o n s t r a l n i n g  t h e  h e l i c o p t e r  t o  f t ya  p rec ise ly  de f lned manoeuvre  i t s  dynamic  p roper t iea  are  mod l f ied ,  and cons t ra in !  lnducedo s c l l l a t i o n s  a p p e a r '  T h e e e  o e c i l l a t l o n s  a r e  v i s l b l e  l n  t h e  t i m e  h i s t o r l e s  f o r  t h e  L y n xf ly ing  the  tu rn  manoeuvres  (F lg .  7 ) .  These oac i l la t iona  become more  pronounced as  t .he
: : : : : : ; i : :" t i i i ! ' i . ' i i i ,severe' 
rhls errect can orten be observed ln real herrcoprers durlng
4 '  The numer ica l  a lgor i thm has  been thorough ly  va l ida ted  bo th  in  te rms o f  i ta  numer icar
; : : : i ; i i l ' ""?1".r"""t""r"""]" iEs abi l l tv to produce reatist ic resulEs no.wiEhsrandlns minor
5 '  De 'p i te  these minor  p rob lems and l in iba t ions ,  the  HELTNV package produces  usefu l  andv a l l d  r e s u l E s '  r t s  s u c c e s g  i s  d u e  t o  a  6 o l u t l o n  m e t h o d  w h i c h  e x p l o i t s  a  k n o w l e d g e  o fh e l i c o p t e r  f l i g h t  m e c h a n i c a  a n d  w h i c h  i s  s u f f i c l e n t l y  f a s t  t o  m a k e  i n v e r s e  s o l u t i o n s  ar o u t l n e  l n v e s t l g , a t i v e  t o o l .
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